Effects of wall material on the channel capacity of an indoor multiple input multiple output (MIMO) system are investigated using a hybrid technique of the method of moments (MoM) and the finite difference time domain (FDTD) method with consideration of the Ricean K factor and the effective degrees of freedom (EDOF) of multiple paths. key words: MIMO, channel capacity, indoor channel, hybrid method, Ricean K factor, effective degrees of freedom (EDOF) 
Introduction
Recently, MIMO system, which uses multiple antennas at both the transmitter and the receiver, for indoor wireless communications has attracted considerable research attentions [1] - [7] . The Monte-Carlo method [1] , the ray tracing method [2] , the FDTD method [3] , [4] , and the experimental investigations [5] , [6] have been used to analyze the channel capacity of MIMO system. Among these approaches, it has been pointed out that the FDTD method is a highly effective method to investigate the indoor MIMO channel including almost arbitrary scatterers. However, the CPU time of FDTD is usually unacceptable when the spatial statistics of received signals for MIMO channel capacity are required. In this paper, a hybrid technique of the MoM and the FDTD method is used to analyze the indoor MIMO channel capacity, which can give more accurate spatial statistical results and save CPU time significantly [8] , [9] .
In evaluating the indoor MIMO channel capacity, the wall effects should be considered. Some researches on the wall effects have been carried out by using the FDTD method [3] , [4] , but they were limited only to two dimensional (2-D) analysis. The three dimensional (3-D) indoor model has been analyzed by using the array decomposition fast multipole method (AD-FMM) [7] . However, the effects of wall material have not been investigated sufficiently. In this paper, the effects of wall material on the indoor MIMO channel capacity are investigated with consideration of the Ricean K factor and the EDOF of multiple paths based on the channel transfer matrices obtained by the hybrid technique of the MoM and the FDTD method. 
Hybrid Technique and Analysis Model
In the hybrid technique, the FDTD method is used to analyze the transmitting array antennas and the propagation channel, and the MoM is applied to analyze the receiving array elements which move randomly in the local receiving area in order to obtain the spatial statistical characteristics. The electric field of the whole region is calculated by the FDTD method except for the receiving array antennas. The electric field in the receiving area is stored and then used as the incident electric field on the receiving array elements which are analyzed by the MoM. In the MoM analysis, the receiving element is divided into M dipole segments for subdomain analysis. The piecewise sinusoidal function is used as the basis function and weighing functions, which is denoted by
where k 0 is the wave number in free space and ∆τ is a half length of the divided dipole segments [10] . The voltage of mth segment of the receiving element is calculated by
where E m (τ) is the incident electric field on the mth segment of receiving antenna evaluated by the FDTD method. According to the voltage matrix calculated by Eq. (2) and the mutual impedance matrix of the receiving array antennas calculated by Richmond's moment [11] , the current distribution on the receiving antenna element and the received signal are obtained. Based on the transmitted and received voltages, the channel transfer matrix H of MIMO system can be evaluated. In our simulation, a single user to single user narrow band 2 × 2 MIMO system with uniform power scheme is considered. In order to investigate the wall effect, only the wall is considered and the other scatterers inside the room are not included in the analysis model, which is shown in Fig. 1 . The whole region is analyzed by the FDTD firstly and the electric fields in the receiving area is stored and then used as the incident fields for the MoM analysis to obtain the received signals.
The length, width and height of analysis region are 
Ricean K Factor and EDOF
The Ricean K factor and the EDOF are useful parameters to analyze the multiple paths for MIMO system. When the electric field distribution is known, the Ricean K factor can be calculated by [6] 
where γ is the ratio of the variance of the power to its mean, E[·] is the expectation and A 2 is the power. EDOF is the number of effective parallel sub-channels which are formed by the MIMO wireless channel and is calculated by
where λ i is the ith eigenvalue of MIMO channel transfer matrix. EDOF is a real number larger than unit but less than the minimum value of transmitting and receiving array antennas. The effect of path loss is not included in this parameter [4] .
Numerical Results
The effects of three kinds of practical material of the walls, i.e. the wooden wall, the concrete wall, and the reinforced concrete wall, are investigated by using the hybrid technique. The parameters of the wooden wall and concrete wall are listed in Table 1 . The reinforced concrete wall is formed by deploying 6 cubical metallic pillars (0.2 m × 0.2 m × 1.9 m) in the concrete wall. The complementary cumulative distribution functions (CCDF) of the MIMO channel capacity in the local receiving area for different walls are calculated and shown in Fig. 2 . The average values of Ricean K factor, EDOF and received power on each receiving antenna are listed in Table 2 . The results of the free space are also calculated and shown in Fig. 2 and Table 2 for comparison. It is found that the MIMO channel capacity is improved by the presence of the walls, and the reinforced concrete wall brings the highest capacity because the received power is the highest. Although the wooden wall brings the lowest received power, the EDOF is the highest so that the capacity is higher than that in free space. Therefore, the received power and EDOF should be considered together to estimate the MIMO channel capacity reasonably. According to the change of the Ricean K factor in the simulations, it is found that the MIMO channel capacity becomes higher when the Ricean K factor becomes smaller. These numerical results imply that the Ricean K factor is also an appropriate parameter to estimate the MIMO channel capacity.
In some researches on the analysis of the MIMO capacity, the channel normalization is applied so that the path loss is excluded in the analysis. The Frobenius norm given by Fig. 3 CCDF of indoor MIMO channel capacity for three kinds of wall material when the channel normalization is applied and the received SNR is assumed to be 30 dB.
is used to make the power transfer between a single transmitting antenna and a single receiving antenna be unity [1] - [7] , where h i j is the elements of the MIMO channel transfer matrix, B is a normalization constant, N t and N r are the number of transmitting and receiving array elements. Based on this normalization, the CCDFs of the indoor MIMO channel capacity for the wall material are investigated when the received signal noise ratio (SNR) on the each receiving antenna branch is constrained to 30 dB, and shown in Fig. 3 . It is also found that the MIMO channel capacity is improved due to the presence of the wall. However, the MIMO channel capacity is almost independent of wall material. This result is different from that without channel normalization. Because the MIMO channel capacity is dependent on both path loss and effective multiple paths, it seems that the wall material effect is very small on the multiple path effect. Although the wall material effect is not significant, it is found from Fig. 3 and Table 2 that EDOF for different wall material has a high correlation with the MIMO channel capacity. Therefore, when the channel normalization is applied, EDOF is a proper parameter instead of Ricean K factor to investigate the MIMO channel capacity.
Conclusions
The effects of wall material on the indoor MIMO channel capacity have been investigated by using a hybrid technique of the MoM and the FDTD method. It is found that the MIMO channel capacity can be greatly improved due to the presence of the walls. When the total transmitted power is fixed, the MIMO channel capacity is affected by the wall material, and the Ricean K factor is an appropriate parameter to analyze the indoor MIMO channel capacity. On other hand, when the channel normalization is applied, the effects of wall material seem to be small and EDOF is a proper parameter to analyze the indoor MIMO channel capacity. It should be noted that the wall effects have been investigated based on a certain thickness of the wall in the present research, but the thickness could also bring some effects on the indoor MIMO capacity. A more practical analysis model reflecting effects of the wall material, thickness, and structure is under investigation.
